Dioecy and sex chromosomes almost certainly evolved from ancestral hermaphrodites that only possessed autosomes. There is a growing body of evidence that genes for female or male function were then epigenetically suppressed in some of these hermaphrodites, creating the first males or females and nascent sex chromosomes. The incipient sex-determining epigenetic signals, such as cytosine methylation, then drove Muller's ratchet in many animals, resulting in shorter Y chromosomes. Based on this theory of sex chromosome evolution and limited data on gametophyte gene expression, I argue that plants should be largely immune from Muller's ratchet and therefore retain their ancestral state of equal length sex chromosomes, unless they incur chromosomal rearrangements or large-scale insertions of duplicated genomes. Usually heteromorphic sex chromosomes canalize dioecy, but extensive polyploidy or polysomy can provide an escape from this canalized dioecy. This theory implies that dioecy due to heteromorphic sex chromosomes should be evolutionarily ephemeral in bryophytes and homosporous pteridophytes because of their extraordinarily high incidences of polyploidy. And, if anything, these very high incidences of polyploidy are responsible for translocation or gradual addition of beneficial genes, rather than gradual reduction in the length of a sex chromosome.
For better or worse, evolutionary botany is relatively devoid of theory, at least when compared with evolutionary zoology. Yet there is a commonality in much of evolutionary theory amongst all meiotic eukaryotes. Plants can shed light on such evolutionary theory, both in bolstering the commonalities and in illuminating differences, especially when we apply general theory to various distinct lineages. The purpose of this paper is to show how plants reflect on an existing theory of the origins of dioecy and sex chromosomes.
In the first section, I describe the theory of cytosine methylation driving the evolution of dioecy and sex chromosomes, with cytosine methylation being the engine that (1) regulates sex expression and (2) initially establishes sex chromosomes, (3) which then powers Muller's ratchet, (4) eventually causing the evolutionary gradual diminution in length of sex chromosomes. In the second section, I show how plants, as well as some animals, are immune from Muller's ratchet because the haploid stages of their life cycles are subject to extensive selection. I then briefly digress and discuss some other mechanisms for evolution of unequal length (heteromorphic) sex chromosomes. Next, I discuss one of the implications of the general theory-that diminution in the length of sex chromosome canalizes dioecy-and ask whether certain organisms can escape from this canalization. Canalization is an evolutionary sequence leading to a reduction of phenotypic plasticity, possibly via genetic assimilation. I argue that polyploidy provides an escape from dioecy of taxa with heteromorphic sex chromosomes, but that polyploidy is exceedingly rare in animals, somewhat rare in seed plants and heterosporous pteridophytes, and exceedingly common in homosporous pteridophytes and bryophytes. The upshot of this theory is that high incidence of polyploidy in spore-bearing plants renders dioecy as an evolutionarily ephemeral condition in bryophytes and homosporous pteridophytes. On the other hand, seed Thanks to Sue Bertram and a pair of anonymous reviewers for their extraordinarily helpful comments.
2 Author for correspondence (e-mail: cycad@asu.edu) plants and especially animals retain dioecy in those lineages that have heteromorphic sex chromosomes. I argue that the distinction between dioecious seed plants and dioecious animals is that seed plants should have much lower incidence of heteromorphic sex chromosomes because they are immune from Muller's ratchet. This theory then implies that lack of heteromorphic sex chromosomes should be especially poignant in those seed plants with long-lived gametophytes and those that lack polyploidy, e.g., the cycads.
CYTOSINE METHYLATION DRIVES EVOLUTION OF DIOECY AND MULLER'S RATCHET
It is almost universally believed that all sexual eukaryotes evolved from hermaphroditic ancestors that only had autosomes and no distinct sex chromosomes (Darwin, 1873; Stauffer, 1975; Griffin et al., 2002; Gorelick, 2003) . Many ancestrally hermaphroditic/monoecious eukaryotes evolved dioecy, gynodioecy, androdioecy, and other nonhermaphroditic conditions (Lloyd, 1980) . Many of these lineages that were not hermaphroditic/monoecious retained equal length sex chromosomes/autosomes. However, once a lineage evolved unequal length (heteromorphic) sex chromosomes, then they could no longer be hermaphroditic/monoecious, but were strictly dioecious (Gorelick, 2003) .
Many animals have evolved heteromorphic sex chromosomes (Solari, 1994; Ainsworth, 2000 ; also see the series of small volumes titled Animal Cytogenetics which includes Borganonkar, 1974; Egozcue, 1974; Fregda, 1974; Gustavsson, 1974; Hayman and Martin, 1974; Ohno, 1974; Patton, 1974; Crozier, 1975; White and Webb, 1976; Smith and Virkki, 1978; Hewitt, 1979; Ueshima, 1979; Matuszewski, 1982; Olmo, 1986; Christidis, 1990; King, 1990) . Heteromorphic sex chromosomes are a sufficient condition for dioecy and therefore many animals are dioecious (Gorelick, 2003) . By contrast, virtually all plants have equal length (homomorphic) sex chromosomes (Ainsworth, 2000; Gorelick, 2003) . Despite their lack of heteromorphic sex chromosomes, flowering plants have nonetheless evolved dioecy in roughly two-thirds of their orders (Bawa, 1980) and one-tenth of their species (Yamplos-[Vol. 92 AMERICAN JOURNAL OF BOTANY ky and Yamplosky, 1922) . Why have heteromorphic sex chromosomes not evolved in dioecious plant lineages? In an earlier paper (Gorelick, 2003) , I argued that the initial stages of evolution of dioecy and sex chromosomes are identical in plants and animals, namely new epigenetic signatures that attach to chromosomes and down-regulate either female or male function. In many animals, these epigenetic changes then drive Muller's ratchet, resulting in ever decreasing length of Y chromosomes over evolutionary time (this theory also applies to Z/W, as well as X/Y, chromosome systems, i.e., it does not matter which sex is heterogametic). Muller's ratchet is a population genetic model in which the minimum number of mutations amongst all individuals increases over evolutionary time. Muller's ratchet is predicated on the mutation rate being higher than the recombination rate. Muller's ratchet is also predicated on selection only acting on the diploid (or polyploid) stages of the lifecycle of sexual organisms (Nei, 1970) . Here I argue that plant lineages are effectively immune from the effects of Muller's ratchet because their haploid stages are as subject to selection as their diploid stages and hence maintain their ancestral state of equal length (homomorphic) sex chromosomes.
Cytosine methylation from genomic duplications was probably the initial stage in evolution of dioecy from an ancestrally hermaphroditic condition (Solari, 1994; Griffin et al., 2002; Gorelick, 2003) . Genomic duplications-whether they be from transposons, duplication of regulatory genes, or polyploidyinvariably result in high levels of cytosine methylation on the new portions of the genome (Holliday, 1984; Adams et al., 2003) . This results in suppressed recombination (Holliday, 1984; Griffin et al., 2002 ) and down-regulation of genes with methylated promoters (Iguchi-Ariga and Schaffner, 1989; Griffin et al., 2002) , which are the hallmarks of incipient Y or W chromosome formation. Thus, if an ancestral hermaphrodite has a gene coding for male function (e.g., production of sperm or male sex hormones) that is suppressed by cytosine methylation, then that individual becomes the first female in the population and the lineage would thereby be considered gynodioecious. Consistent with this mechanism, many lineages have evolved dioecy from an ancestral hermaphroditic condition via gynodioecy or, occasionally, via androdioecy (Charlesworth and Charlesworth, 1978) . Liu et al. (2004) described incipient Y chromosome formation in the dioecious plant Carica papaya (papaya), noting that the newly non-recombining portion of the Y chromosome contains sex-determining genes, sequence duplications, and retrotransposons. Elsewhere, researchers in this same laboratory showed that the sex-determining locus of papaya is heavily methylated and has severely suppressed recombination (Ma et al., 2004) .
There is a growing body of evidence that epigenetic changes, such as nascent cytosine methylation, are responsible for early stages in the evolution of dioecy and sex chromosomes in all eukaryotes (Gorelick and Osborne, 2002; Gorelick, 2003) . In date palms (Phoenix dactylifera), which like papayas are dioecious with homomorphic sex chromosomes, extra heterochromatin on one of the male chromosomes is believed to determine sex (Siljak-Yakovlev et al., 1996) . An almost identical situation occurs in electric eels (Eigenmannia virescens) and tilapia (Oreochromis niloticus), which are important cases insofar as fish provide crucial windows into the early evolution of sex chromosomes in vertebrates (de Almeida-Toledo et al., 2001; Griffin et al., 2002) . Evolution of sex chromosomes is probably far too canalized in mammals to provide any insight into the early stages of sex chromosome evolution because all extant mammals have unequal-length X and Y chromosomes (Graves, 1996) . Even in the androdioecious nematode Caenorhabditis elegans, which does not possess any cytosine methylation, sex is determined by epigenetic down-regulation of genes coding for female function, although in this instance the epigenetic signal is histone acetylation (Prahald et al., 2003) .
In animals, increased cytosine methylation on an incipient Y or W chromosome provides the machinery to drive Muller's ratchet and thereby make the Y or W chromosome shorter than its ancestral homologue (Gorelick, 2003) . It does this by first suppressing recombination, which is a prerequisite of Muller's ratchet. Next, cytosine methylation geometrically increases the speed of Muller's ratchet by suppressing recombination in conjunction with increasing mutation rate of cytosine to thymine (Gorelick, 2003) . Methylated cytosine undergoes point mutations to thymine at a much higher rate than unmethylated cytosine due to differences in activation energy required for deamination and differences in mismatch repair rates of the intermediate (deamination) products (for details, see fig. 2 and accompanying text in Gorelick, 2003) . Speed of Muller's ratchet is proportional to the product of the decrease in recombination rate and increase in rate of per-genome mutation rate, both of which are affected by methylation of cytosine. Finally, cytosine methylation increases the rate of epimutations due to mismatch repair of deaminated 5-methylcytosine. Deamination of unmethylated cytosine yields uracil, which is quickly methylated to form thymine by maintenance methylation enzymes. Deamination of methylated cytosine yields a high-energy tautomer of thymine, which will either be converted to the ordinary, low-energy tautomer of thymine (a mutation) or unmethylated cytosine (an epimutation). Accumulation of either mutations or epimutations provides selective pressure to excise those loci, resulting in a shorter Y chromosome.
PLANTS (AND SOME ANIMALS) ARE IMMUNE FROM MULLER'S RATCHET
Even though dioecy probably evolved in most dioecious eukaryotes via genomic duplications triggering cytosine methylation, flowering plants have probably rarely ever evolved heteromorphic sex chromosomes because they are immune from Muller's ratchet. Muller's ratchet in sexual organisms is predicated on the Y or W chromosome being sheltered from the effects of deleterious mutations because a nondeleterious homologue exists on the X or Z chromosome (Nei, 1970 ). Muller's ratchet in sexual lineages thus has the prerequisite that the haploid stage of the life cycle is barely, if ever, subjected to selection; otherwise the deleterious mutation would no longer be sheltered by the effects of its homologue (Nei, 1970) . This prerequisite simply seems to not apply in flowering plants. Although only a limited number of flowering plant taxa have thus far been tested, in each of these, the haploid stages express most of the genes that are expressed in their diploid stages (Willing et al., 1988; Drews and Yadegari, 2002) , an empirical result that was presaged by Jim Bull (1978) . Much more empirical testing is necessary here. If the gametophytes of all or most flowering plants express most of the genes expressed by their sporophytes, then flowering plants will be immune from Muller's ratchet and will therefore lack heteromorphic sex chromosomes.
Although (Norstog, 1987) . Cycad megagametophytes are long-lived; sometimes there is over a year between pollination and fertilization (Norstog and Nicholls, 1997). Cycad microgametophytes are large and complex compared with other plants or animals (Norstog, 1993) . Furthermore, because angiosperms almost certainly descended from an ancestor with large and long-lived gametophytes, the most parsimonious inference is that flowering plants should have haploid stages that express most of their genes, corroborating the arguments made in the previous paragraph.
There are also many examples of animals with homomorphic sex chromosomes (see the many small volumes in the series Animal Cytogenetics, cited above, especially for invertebrates; also see Solari, 1994 , for examples in fish, amphibians, turtles, and crocodiles). These animals with homomorphic sex chromosomes may still be considered to have X/Y or Z/W chromosome systems, but there is simply no difference in the lengths between the two sex chromosomes. What we see from these lineages with homomorphic sex chromosomes are additional mechanisms by which Muller's ratchet is abrogated for many animals. For example, speed of Muller's ratchet is inversely proportional to effective population size (Nei, 1970; Bell, 1988) . Lineages that have always had planktonic larvae, such as many marine invertebrates, should therefore have homomorphic sex chromosomes (Gorelick, 2003) . Contrary to the implicit assumption of Nei's model of Muller's ratchet (Nei, 1970) , gametes in some animals may be subject to substantial selection. This should especially be true in lineages with planktonic gametes, which therefore should be immune from Muller's ratchet by the same mechanism by which I hypothesize that plants are immune from the ratchet. There are multiple mechanisms that nullify Muller's ratchet, and lineages with any of these nullifications of the ratchet have rarely ever evolved heteromorphic sex chromosomes. And, in the unusual instances when lineages that should be immune from Muller's ratchet have evolved heteromorphic sex chromosomes, it has probably only been via alternate mechanisms, such as chromosomal rearrangements, and not via gradual diminution of the length of the Y or W chromosome over evolutionary time.
EVOLUTION OF SEX CHROMOSOMES WITHOUT MULLER'S RATCHET
The few examples of heteromorphic sex chromosomes in plants (e.g., Silene latifolia) have probably evolved via chromosomal rearrangements (Moore et al., 2003) . Chromosomal rearrangements are also known in animal lineages with heteromorphic sex chromosomes, e.g., the lizard genus Sceloporus (Sites et al., 1992) , where some closely related taxa have homomorphic sex chromosomes. In fact, chromosomal rearrangements may be responsible for all later stages of Y or W chromosome evolution in mammals (Graves, 1995) .
Two other possible mechanisms for evolution of sex chromosomes are sexually antagonistic genes (Fisher, 1931; Bull, 1983; Rice, 1987b) and genetic hitchhiking (Rice, 1987a) . Sexually antagonistic genes are alleles that are favored in only one sex (Fisher, 1931; Rice, 1987b) . The model of sex chromosome evolution via sexually antagonistic genes assumes that there are only a few sex-determining loci and that recombination is locally suppressed near these loci (Rice, 1996) . Genetic hitchhiking describes a situation in which suppressed recombination can facilitate a mildly deleterious mutation being genetically linked to an advantageous one. With such suppressed recombination, a proto sex chromosome can accumulate deleterious mutations that are sheltered from selection by the linked advantageous mutation. Both of these alternative theories-sexually antagonistic genes and genetic hitchhiking-were developed for the fruit fly family Drosophilidae. Drosophila are highly derived and have atypically complicated sex-determining systems (Dübendorfer et al., 2002) , hence these models probably do not apply to plants. Sexually antagonistic genes and genetic hitchhiking only accelerate already existing local suppression of recombination, but do not provide an explanation for how one initially suppresses recombination in homomorphic sex chromosomes (Rice, 1996; Gorelick, 2003) , other than possibly via nascent cytosine methylation, which will itself drive Muller's ratchet. One of the most poignant arguments in favor of cytosine methylation driving Muller's ratchet is that it explains how recombination was initially suppressed in proto sex chromosomes. By contrast, the sexually antagonistic genes and genetic hitchhiking models require a deus ex machina of initial recombination suppression. These two models also have the problem that they do not explain the heterochromatization of the degenerating Y or W chromosome (Steinemann and Steinemann, 1998) .
Another possible mechanism for evolution of sex chromosomes, retrotransposon traps Steinemann, 1992, 1998) , was also developed for Drosophila, but it probably plays a role in plants. The idea here is that Y or W chromosomes accumulate retrotransposons, which then are rendered highly heterochromatic, which in turns shuts down transcription. Plants typically have more-and more obvious-transposons than animals. However, the retrotransposon trap model can be considered a subset or special case of the theory that cytosine methylation drives dioecy and Muller's ratchet. Any newly inserted genomic material is usually highly methylated (Nagl and Ehrendorfer, 1974; Volpe and Eremenko, 1974; Holliday, 1984; Yoder et al., 1997; Matzke and Matzke, 1998; Regev et al., 1998; Colot and Rossignol, 1999; Jones and Takai, 2001; Martienssen and Colot, 2001 ). Incipient cytosine methylation that drives evolution of dioecy and sex chromosomes could come from any newly inserted portion of the genome, including retrotransposon, duplication of homeotic genes, or even polysomy or polyploidy (Gorelick, 2003) . Retrotransposon traps can therefore be subsumed as a special case of the model of cytosine methylation driving Muller's ratchet and consequently should be responsible for the evolution of plant sex chromosomes with different chromatin signatures, but with equal lengths.
DOES SEX CHROMOSOME HETEROMORPHY CANALIZE DIOECY?
A corollary of cytosine methylation driving Muller's ratchet and thereby driving the evolution of sex chromosomes is that individuals with heteromorphic sex chromosomes should be dioecious (Gorelick, 2003) . There is, however, one ready escape from this cytosine methylation-induced canalization of dioecy, namely allopolyploidy. Allopolyploids are formed via [Vol. 92 AMERICAN JOURNAL OF BOTANY the hybridization of individuals from two distinct lineages, e.g., two different species. The allopolyploid offspring contain all of the chromosomes from both of their parents, hence could simultaneously contain active (up-regulated) genes for both femaleness and maleness.
In seed plants, there are varying levels of polyploidy. In cycads and gingkoes, there exists no evidence of polyploidy. Polyploidy is extremely rare in animals. There are a few examples of polyploidy in animals, such as the pair of ancestral polyploid events in vertebrates (Ohno, 1970) and subsequent polyploid events in fish and amphibians (e.g., Lowcock, 1994) . Polyploidy is rare in extant conifers and Gnetales (Lewis, 1980) . Tetraploidy exists in a few conifers, e.g., some Juniperus spp., and hexaploidy in one species, Sequoia sempervirens (Saylor and Simons, 1970; Goldblatt and Johnson, 2003) . Tetraploidy exists in a few Gnetales: Gnetum montanum, Welwitschia mirabilis, and possibly a few interspecific hybrids of Ephedra (Khoshoo, 1959; Hizume et al., 1993; Goldblatt and Johnson, 2003) . Polyploidy is also rare in heterosporous pteridophytes (Klekowski and Baker, 1966) . Because polyploidy is rare in gymnosperms, heterosporous pteridophytes, and animals, there is no escape from the canalization of dioecy that evolved via Muller's ratchet. Thus, this theory predicts that heteromorphy of sex chromosomes should canalize dioecy in virtually all gymnosperms, heterosporous pteridophytes, and animals.
Polyploidy is more common in flowering plants. Depending on which author one cites, from 30 to 80% of extant flowering plants are of polyploid origin (Levin, 2002) . So, the above theory predicts some-albeit limited-escapes from canalization of dioecy in those angiosperms with heteromorphic sex chromosomes. But, both the above theory and empirical work show that heteromorphic sex chromosomes (i.e., those of different length) are extremely rare in flowering plants. Therefore there are virtually no instances of canalization of angiosperm dioecy from which to escape.
The rates of polyploidy in seed plants and metazoan animals pale in comparison with bryophytes and homosporous pteridophytes, where well over 95% of taxa are believed to be of polyploid origin (Klekowski and Baker, 1966) . With such enormous rates of polyploidy in these spore-bearing plants, the theory herein predicts that dioecy should be a short-lived evolutionary stage, with allopolyploidy restoring monoecy relatively quickly. In fact, polyploidy and polysomy (extra duplication of one chromosome; a form of aneuploidy) of sex chromosomes are believed to restore monoecy from the relatively rare condition of dioecy in mosses (Khanna, 1971) .
Some bryophytes possess heteromorphic sex chromosomes. But, unlike with animals and seed plants, existence of heteromorphic sex chromosomes does not correlate with dioecy. The percentage of bryophytes that have heteromorphic sex chromosomes seems roughly comparable to the percentage in animals. Heteromorphic sex chromosomes have been identified in at least 30 species of moss (Bryophyta; Khanna, 1971) and at least two genera of liverwort (Hepatophyta; Allen, 1917; Bischler, 1986 ). Yet, unlike with most animals, the cause of the length difference in sex chromosomes in spore-bearing plants cannot be attributed to Muller's ratchet because so much selection occurs in their haploid stage. In fact, it is possible (but unstudied) that spore-bearing plants have sporophytes that express a small fraction of those genes expressed in their gametophytes. The theory above then dictates that only options other than Muller's ratchet are available for the evolution of heteromorphic sex chromosomes in spore-bearing plants. This is entirely consistent with Bull's (1978) assertions that sex chromosomes in haploid dioecious organisms (i.e., those in which X gametophytes are female, Y gametophytes are male, and all sporophytes are XY) should not degenerate in length, but instead acquire length dimorphism via addition of beneficial genes. Recent empirical work in dioecious liverworts corroborates this assertion (Okada et al., 2001; Ishizaki et al., 2002) . However, Hood et al. (2004) , who work with a haploid dioecious fungus (Microbotryum violaceum), believe that the genomic additions could be in the form of transposons or noncoding sequences, i.e., deleterious or neutral genomic additions.
Chromosomal rearrangements provide the most likely origin of bryophyte and homosporous pteridophyte heteromorphic sex chromosomes because of their extraordinarily high rates of polyploidy and polysomy (Såstad, in press). Duplication of entire chromosomes results in an immediate addition of epigenetic signals, at least in flowering plants (which is the one taxon from which data currently exists on this phenomenon). In cotton (Gossypium; Malvaceae), one-quarter of the genes tested appeared to be epigenetically silenced immediately following polyploid formation (Adams et al., 2003) . Adams et al. (2003) tentatively attributed this epigenetic silencing to changes in cytosine methylation and chromatin levels. Similarly, Wang et al. (2004) report that 3-11% of homeologous genes are epigenetically reciprocally silenced following polyploid formation in Arabidopsis (Brassicaceae), and this silencing appears to be caused by changes in cytosine methylation (or the machinery that maintains it, such as dihydroxypropyladenine inhibiting methyltransferase activity). At this juncture, no other studies have been published regarding polyploidy or polysomy epigenetically silencing genes on reciprocal homeologous genes, but this may simply reflect that only a few taxa have yet been examined. However, similar empirical evidence and theoretical arguments for reciprocal silencing of homeologous genes in polyploids was put forwards a dozen years earlier for homosporous pteridophytes (Gastony, 1991; Werth and Windham, 1991) , albeit none of these earlier authors asserted that the silencing was of epigenetic origin. High levels of cytosine methylation following polyploid formation may result in chromosomal rearrangements such as translocations (Lim et al., 2004) , which may have provided the genesis of sex chromosomes in highly polyploid plant lineages. High levels of cytosine methylation also result in high levels of heterochromatin (Scarbrough et al., 1984) , especially constitutive heterochromatin (Buzek et al., 1998) . Nascent additions of constitutive heterochromatin probably made the sex chromosomes of the liverworts Sphaerocarpos donnellii and S. texanus readily visible to Charles Allen almost a century ago (Allen, 1917 (Allen, , 1919 .
DISCUSSION
There is growing evidence that nascent epigenetic signals, especially cytosine methylation, are essential for the evolution of dioecy from hermaphroditic ancestors for those lineages that have had autosomes but no well-defined sex chromosomes. This cytosine methylation does more than just downregulate genes that control female or male function. It also provides the initial suppression of recombination, thereby starting Muller's ratchet of Y or W chromosome evolution, as well as accelerating the rate of Muller's ratchet by increasing the rates of mutations and epimutations. If Muller's ratchet is truly the mechanism by which Y and W chromosomes degenerate over evolutionary time, then we may have an elegant explanation for why dioecious seed plants lack heteromorphic sex chromosomes, so long as tentative empirical work on high levels of gene expression in gametophytes generalizes to all flowering plants. Muller's ratchet cannot work in plants because, unlike with animals, plant haploid stages (gametophytes) appear to not be largely immune from selection. For better or worse, the theory in this paper crucially depends upon the premise that plant gametophytes are subject to approximately as much selection (if not more) as their sporophytes, whereas animal gametes (except those with planktonic larvae) are largely immune from selection when compared with their diploid stages. Heteromorphic sex chromosomes can thereby only arise in plants by other means, such as chromosomal rearrangements or gradual acquisition of beneficial genes. Extensive chromosomal rearrangements may themselves be a result of extensive polyploidy, as appears to have occurred in bryophytes and homosporous pteridophytes.
In animals, heteromorphic sex chromosomes canalize dioecy in previously hermaphroditic lineages. However, extensive polyploidy (or polysomy of the sex chromosomes) can provide an escape from this canalized dioecy. Extensive polyploidy is lacking in animals and most seed plants, but is present in bryophytes and homosporous pteridophytes. Therefore, the above theory implies that dioecy due to heteromorphic sex chromosomes can exist, but should be evolutionarily ephemeral in bryophytes and homosporous pteridophytes due to polyploidy. Additionally, very high incidences of polyploidy in bryophytes and homosporous pteridophytes are probably responsible for differential growth in the length of X and Z chromosomes, due to translocations or possibly additional duplication of beneficial genes.
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